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ABSTRACT
Both phosphatidase and polygalacturonase were found in filtrates of oneweek-old cultures of Ceratocystis ulmi.

Polygalacturonate trans-eliminase and
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pectin methyl esterase were not detected.

Fluid expressed from sample branch¬

es of both healthy and Dutch-elm-diseased clonal American elm trees, by means
of a hydraulic press, also showed phosphatidase and polygalacturonase activity.
Activity of the latter was greater in the fluid from the diseased trees.

Wilt

symptoms were not evident when partially purified polygalacturonase from cul¬
ture filtrates of C. ulmi was introduced into elm seedlings; however, more
vascular browning occurred here than in controls.

Phytopathology 63:

Additional key words: Ulmus americana; Dutch elm disease

No method to date has prevented, cured, or halted the spread of Dutch
elm disease, caused by Ceratocystis ulmi (Buisman) C. Moreau, except com¬
munity-wide reduction of elm bark beetle populations.

Better knowledge of the

physiology of this disease might yield effective, lasting control, or cures of
individual trees, or might help in the search for resistant trees.
The rapid wilting and dying-back of infected elms has been suggested
to result from plugging of xylem vessels by tyloses, plant products, and fungal
deposits (21, 25).

Wilson, however, reported the fungal growth primarily in

the vertical and ray parenchyma at the onset of wilt and saw little fungal block¬
age of tracheids and vessels (32).

He suggested that the death of parenchyma

tissue alone may reduce water transport enough to cause wilt.
Enzyme imbalances have been implicated in many plant host-pathogen
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relationships.

Polygalacturonase (PG) was strongly suggested to be a causal

factor in Fusarium wilt of tomato (4).

Holmes first reported production of a

pectic enzyme by C. ulmi in vitro, and suggested that it might be involved in
the pathogenesis of Dutch elm disease (11).

Biehn and Dimond found that C. ulmi

grown on the ethanol-insoluble fraction of young green elm shoots produced a
great quantity of PG (5).

They also reported repression of PG production by C.

ulmi when glucose was added to a pectin-salts medium, suggesting an inducible
enzyme (5).

Elgersma reported repression of disease symptoms in C. ulmi-

inoculated elms treated with rufianic acid (7), which is reported to inhibit
pectolytic enzymes, as well as to inhibit spore germination and mycelial growth
of Fusarium oxysporium in culture (10).
Phosphatidase (PTD), which degrades phospholipid molecules, has only
recently come to the attention of plant pathologists.

Lumsden and Bateman show¬

ed that PTD activity closely paralled the disease index of bean roots infected by
Thielaviopsis basicola (19).

Tseng and Bateman reported that several plant

pathogens produce this enzyme (29) and suggested that its activity may promote
pathogenesis by disrupting the plant cell membrane (30).

Mount et al., however,

found no significant role of PTD from Erwinia carotovora in electrolyte loss,
tissue maceration, or cellular death of potato tissue after purified enzyme had
been applied (22).
The present investigation was designed to elucidate the possible role of
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PG and PTD in the Dutch elm disease, by determining (a) the presence and char¬
acter of PG and PTD in culture, and (b) the presence and quantity of PG and PTD
in diseased versus healthy elm tissue.
MATERIALS AND METHODS. —Pathogen isolate. -A wild strain of
Ceratocystis ulmi was isolated from a diseased American elm tree (Ulmus
americana L.) in Washington County, New York, and was maintained on potato
dextrose agar at 25° C.
Liquid cultures.—A liquid culture medium containing, per liter, 1. 5 g
KH2P04, 1. 0 g MgS04- 7H20, 0. 01 g FeClg, 2. 0 g asparagine, 2. 0 g yeast ex¬
tract and 25. 0 g glucose (8), was divided into 200-ml portions, placed in 500ml Erlenmeyer flasks and autoclaved at 15 lb. for 20 min.

Each flask of sterile

medium was seeded with a 1-ml spore suspension of C. ulmi from the stock cul¬
tures, maintained at room temperature in darkness and agitated on a rotary
shaker at 115 rpm.
Enzyme preparation. —PTD and PG were partially purified from oneweek-old liquid culture filtrates.

Ammonium sulfate was added to the filtrate

over an ice bath, to precipitate proteins selectively at 50, 80, and 95% satura¬
tion.

After centrifugation the pellets were resuspended in 3 to 4 ml distilled

water, and dialyzed overnight at 5° C.

The dialyzed solution was then lyophilized

and stored at -20° C.
Polygalacturonase was further purified using a 1. 5 X 15 cm column of
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diethylaminoethyl cellulose (DEAE Cellulose), equilibrated at 5° C with several
volumes of 0. 01 M phosphate buffer, pH 8. 0.

The lyophilized 50-95% ammonium

sulfate protein fraction from one-week-old culture filtrate (partially purified
culture filtrate) was dissolved in 1 ml of 0. 01 M phosphate buffer, pH 8. 0 and
applied to the column.

Thirty, 5-ml fractions were eluted with the same buffer
i

and collected at 1 drop per sec.

All fractions were dialyzed for 24 hr against

several volumes of distilled water in the cold and then stored at 5° C for no more
than 24 hr until further procedures.
Inoculation and sampling. —Four-day-old liquid cultures were centrif¬
uged at 20, 000 g for 20 min and the pellets were resuspended in sterile distilled
water.

Using a haemocytometer and appropriate dilutions, the spore concentra¬

tion was adjusted to about 200, 000 spores/ml.
American elms of a uniformly susceptible clone (13) were chosen at
random from a nursery planting of the Shade Tree Laboratories, University of
Massachusetts.

On each tree, 1 to 3 branches with diameters of 1.2 to 1. 7 cm

were inoculated close to the main stem with approximately 0.4 ml spore suspen¬
sion.

Control branches were either left uninoculated or inoculated with auto¬

claved spore suspension.
Branches were excised when wilt was first evident.

These were im¬

mediately taken to the laboratory, stripped of leaves, twigs, and bark, cut into
10-cm lengths beginning with the inoculation point, rinsed in distilled water,
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and stored under nitrogen in plastic bags at 5° C for no more than 24 hr.
Extraction. —In order to represent all disease-related stem components,
hydraulic pressure was used to express liquid from each sample.

The samples

were cut into sections about 1 cm long and dropped into a cooled cylindrical cham¬
ber with a slotted drain plug at its base.

A plunger was put into the chamber on

top of the sample and lowered slowly by hydraulic pressure, to a maximum of 8
tons per square inch.

Chamber, plunger, and drain plug were machined from

stainless steel (Fig. 1 &2)Fluid was expressed through a polyethylene adaptor
and Tygon tubing into a reservoir held in ice.

To reduce phenol oxidation, the

chamber and sample were flushed with nitrogen gas before pressure was ap¬
plied and 0. 05 ml of 1 M sodium metabisulphite was added to the reservoir.

A

small amount of fluid was collected without metabisulphite and its pH was im¬
mediately read.

The fluid was centrifuged, and the supernatant was dialyzed

for 24 hr against distilled water at 5°, lyophilized and stored at -20° C.
Extract clarification. —To reduce interference of phenols and cellular
debris with enzyme analyses, each extract was clarified using a 7 X 87 mm
DEAE Cellulose column equilibrated with distilled water at 5° C.

The centrif¬

uged, dialyzed, lyophilized samples were dissolved in 1 ml distilled water, ap¬
plied to columns, and eluted with distilled water at a flow rate of approximately
1 drop per 15 sec.

Ten 1-ml fractions were collected and examined for protein

content and enzyme activity.

Protein content was determined using either ab-
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sorbance at 280 nm, or the colorimetric assay of Lowry et al. (18).
Enzyme analysis. —Cup-plate assays were used for routine detection
of enzyme activity after the method of Doery et al. (6).
assays were employed for quantitative assays.

Spectrophotometric

All reactions were incubated at

30° C for the desired time period.
Cup-plate medium used in PTD assays contained 2% Bacto-Agar in 0.10
M buffer at the desired pH, plus 0. 02% thimerosal (to eliminate microbial growth)
and 1% soybean lecithin plus 10"4 M CaCl2.

Thirty ml warm medium were al¬

lowed to solidify in each Petri dish, and wells were made with a number 5 cork
borer.
extract.

Into each well was pipetted an equal amount of enzyme preparation or
Boiled extracts or enzyme served as controls.

An opaque zone around

the well indicated PTD activity.
The reaction mixtures for spectrophotometric PTD assays contained
0. 50 ml 0. 8% soybean lecithin in 0. 50 M buffer of desired pH, plus 0. 50 ml test
solution and 10"4 M CaCl2.
in all assays.

Boiled test solutions (20 min) served as controls

Reactions were terminated by adding 0.10 ml bovine serum

albumin plus 0. 90 ml 20% trichloro-acetic acid.

After centrifugation at 28, 700

g for 15 min, the pellet was used to estimate PTD activity by measuring the
remaining substrate acyl ester content following the hydroxamic acid method of
Snyder and Stephens (28).

PTD activity was also monitered by measuring the

release of acid-soluble phosphorus from lecithin after incubation with the
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enzyme following the method of Lumsden and Bateman (19).
Cup-plates used for pectic enzyme routine analyses were prepared the
same as for PTD except that 1% sodium polypectate (NaPP) was the substrate
and no cofactor was added.

After incubation, plates were developed with 1%

acetyl trimethyl ammonium bromide for 30 min, according to a modification of
the method of Jayasankar and Graham (17).
Hydrolysis of pectic substances was analyzed by the arseno-molybdate
method of Nelson (24) for reducing sugars; 0.10 ml 0. 6% NaPP or citrus pectin
in 0. 05 M buffer, pH 4. 0 through 9. 0,was incubated with 0.10 ml test solution
for the desired period.

One unit of activity is defined as that amount of enzyme

required to release 1 mg glucose equivalents/mg protein/hr.
The loss of viscosity was also used to determine pectic enzyme activity.
Viscometers (Will), 300 series, were placed in a 30° C constant temperature
water bath and into each was placed 5 ml of a 1. 2% pectin or NaPP solution in
0.10 M buffer, pH of desired value.

After equilibrating for 15 min, 1 ml of test

solution was added to the substrate and zero-time reading was taken.
ing time was then read at intervals up to 12 hr of reaction time.

The fall¬

The influence

of Ca+2 was also examined by adding the appropriate amount of 0. 01M CaCl2 to
each substrate to bring the final concentration to 10"4 M Ca 2.
tained 1 ml of distilled water instead of test solution.

Controls con¬

One unit of activity is ex¬

pressed as that amount of enzyme required to cause 1% viscosity loss/mg
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protein/time interval.
Trans-eliminative cleavage of pectic substances was determined by the
periodate-thiobarbituric acid method (26), and by reading the absorbance (at 235
nm) of reaction mixtures containing 0.10 ml 0. 6% pectic acid or 0. 6% NaPP in
0. 05 M buffer, at pH 4. 0 through 9. 0 with or without 10-4 M CaCl2, and 0.10 ml
test solution.
Qualitative analysis for pectin methylesterase (PME) was performed
using the method of Smith (27).

A 0. 6 ml portion of partially purified culture

filtrate was added to 7.4 ml of 0. 5% pectin substrate plus bromthymol blue and
incubated for 24 hr.

PME activity was also monitored by determining the in¬

crease in acidity of a 1% pectin solution in 0.10 N NaCl (2).

Two ml of partially

purified enzyme were added to 25 ml substrate with the pH adjusted to 6. 0.

The

reaction was run at room temperature for 30 min.
Exogenous PG application to elm seedlings. —Eight-month-old greenhousegrown American elm seedlings were each fitted with a hypodermic needle
attached to an 8-ml reservoir and various solutions were applied.

A razor slit

2 to 3 mm deep was made near the base of each seedling and the needle imme¬
diately placed therein.

A tight seal was obtained with a 2-in. section of 3/8 in.

(i. d.) rubber tubing, opened lengthwise to envelop
the needle had been inserted.

the stem, and through which

The tubing was sealed lengthwise with waterproof

tape, and above and below the needle with snuggly wrapped wire (Fig. 3).
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Solutions containing acid fuschin or PG, with or without 5 mM MgC^, were ap¬
plied to 5 elm seedlings each.

Similar treatments of distilled water with or

without MgCl(> were used as controls.

Any visible changes in leaf appearance

and/or vascular color were noted.
RESULTS. —Culture filtrates. —Cup-plate analyses showed that both PG
and PTD were present in culture filtrates, both precipitated mainly in the 50-95%
ammonium sulfate saturation range, and significant activity of both enzymes
occurred in the acidic (pH 4. 0) rather than the basic (pH 8. 0) range.

Poly¬

galacturonase and PTD were thereafter obtained from the 50-95% ammonium
sulfate saturated culture tiltrate tor turther studies.
The activity of PTD from partially purified filtrates of one-week-old
cultures was determined spectrophotometrically by measuring the decrease in
substrate lecithin acyl ester content over a pH range of 3. 0 to 9. 0 at 1-umt
intervals.

The greatest activity was apparent at pH 4. 0 with significant acti¬

vity also at pH 5. 0 (Fig. 4 ).

At pH 7. 0 and higher the activity was negligible.

A measure of acid-soluble phosphorus also showed a parallel activity curve
between pH 3. 0 and 6. 0.

(The basic pH values were not tested.)

The qualitative analysis for PME activity showed no change in indi¬
cator color after 24 hr.

No increase in acidity was observed when partially

purified culture filtrate was incubated with a 1% pectin solution tor 30 min.
With either pectic acid or NaPP as substrate, no significant trans-
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eliminase activity was apparent after 12 hr of incubation, with or without Ca

+2

added to the reaction mixtures, and over a pH range of 4. 0 to 9. 0, as shown by
both the thiobarbituric acid assay and the absorbance readings at 548 nm.
Polygalacturonase from the partially purified culture filtrate was ana¬
lyzed to determine its pH range of activity and its method of attack, i. e. hy¬
drolysis randomly within the pectolytic chain or specific hydrolysis of only the
terminal molecules of the chain.

Sodium polypectate was prepared in 0.10 M

buffer, pH 4. 0 through 9. 0 at one unit intervals, to give a final substrate con¬
centration of 1. 2%.

The percent viscosity loss (PVL) was measuring at 10, 20,

and 30 min reaction time.

Beginning at 1 hr the increase in reducing sugars

was measured concurrently with the PVL by removing, immediately after re¬
cording the falling time, a 0.10-ml portion of each reaction mixture for analysis.
Reducing sugars released were determined as the difference between the zero¬
time reducing sugar content and the content after specified reaction period.
was carried out at 1, 4, and 8 hr.

This

The highest activity for the release of re¬

ducing groups was apparent at pH 5. 0 at all reaction times measured (Table 1).
At 10, 20, and 30 min the highest PVL occurred at pH 6. 0.

After 30 min the

viscosity losses occurring at pH 4. 0, 5. 0, and 6. 0 all approached 100% with
differences between them only very slight.

At pH 7. 0, the PVL increased stead¬

ily throughout the entire 8-hr period reaching almost 93% loss in viscosity,
whereas the concurrent release of reducing sugars was very low.

Reaction
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mixtures at pH 8. 0 and 9. 0 showed consistently low PVL readings and reducing
sugar content.
The influence of 10"4 M Ca+2 on pectic enzyme activity was examined
over pH range 4. 0 through 9. 0 at one unit intervals.

For each pH level, 0.10

ml 0. 6% NaPP was incubated with 0.10 ml of partially purified culture filtrate.
Another similar series contained 10-4 M CaClg in each reaction mixture.
incubation for 1 hr, the reducing sugars were analyzed.

After

No significant influence

of Ca+2 could be detected within this pH range; the optimum activity occurred at
pH 5. 0 for both treatments (Fig. 5).

The presence of Ca+2 also showed no signif¬

icant effect on viscosity loss of either 1. 2% pectin or 1. 2% NaPP at pH 5. 0 or
8. 0 when incubated with partially purified culture filtrate.
Elm extracts. —Depending on the size and condition of the branch, 3 to
20 ml fluid were expressed from each branch, with an average of approximately
10 ml.

The pH of fresh extracts did not vary much between diseased (average -

5. 30) and healthy (average = 5. 57) samples.
Phosphatidase activity, as detected by the cup-plate analysis at pH 4. 0,
was found in concentrated, non-clarified branch extracts from both diseased and
healthy samples.

Attempts at spectrophotometric analyses failed because im¬

purities in the unclarified extracts interfered with the tests, and clarified ex¬
tracts were too dilute to give reliable and consistent spectrophotometric read¬
ings.

Quantitative data from the elm extracts concerning PTD were therefore
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unobtainable.

All clarified samples were tested for PG activity and protein

content only.
In order to determine the fractions which would consistently contain
protein in the clarification process, many trial experiments were conducted us¬
ing known proteins and a known PG.

In all cases PG was eluted in the range of

major protein elution, i. e. fractions 4 through 7 (Fig. 6).

Accordingly all sam¬

ples were clarified, and fractions 4 through 7 were combined and examined for
enzyme activity and protein content.
Both viscosity loss and increase in reducing sugars indicated that
pectic enzyme was indeed present in the extracts of both healthy and diseased
samples.

The loss of viscosity actually due to enzyme activity was determined

by subtracting the PVL value of the appropriate control, containing buffer plus
substrate, from the PVL value of each sample.

After 1 hr incubation at pH 5. 0,

the average of 10 healthy extracts was 15. 8 activity units of viscosity loss, and
that of diseased was 112. 8 units, a statistically significant difference at the 1%
level (Table 2).
Concurrent reducing sugar analysis showed corresponding pectic enzyme
activity when compared to zero-time controls, although the degree of activity
determined was quite variable.

For further confirmation of the presence of

pectic enzyme activity, the viscosity readings for the diseased extracts were
continued for 12 hr during which time the average enzyme activity increased to
782.1 units, while that of the buffer controls increased to only 4. 8 units.
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Purification and application of polygalacturonase to elms. —Poly¬
galacturonase was purified 16-fold after passing through the DEAE Cellulose
column.

No salt gradient was needed to obtain this purification.

The peak of

PG activity was eluted between fractions 4 and 8, as measured by Nelson’s assay
for reducing sugars (Fig. 7).

After fraction 10, PG activity was negligible.

major protein peak occurred between fractions 12 and 15.
from the major protein peak occurred consistently.

The

This separation of PG

Fractions 4 through 8 were

combined and diluted to 100 ml with distilled water and stored at 5° C until apaplication to the seedlings, 24 hr later.

The final amount of PG activity made

available to each plant was 668 units.
In preliminary experiments a solution of acid fuschin was introduced
into elm seedlings to determine the rate and extent of the dye uptake.

After 2

hr, 2 ml had been taken up and the leaf veins were beginning to turn red.

After

16 hr all the leaves were red and within 24 hr 8 ml of dye had been absorbed.
Twenty-four hr following introduction of PG, PG plus Mg'2, H20 plus
Mg+2, and H20, most of the seedlings had taken up the reservoir capacity of
8 ml.

No symptoms of wilt were apparent during five days of observation.

Five days after the solutions had been applied, the leaves and bark were strip¬
ped from each seedling and the distance of vascular browning both above and
below the injection point was measured.

Those treatments containing PG showed

more extensive vascular browning than the controls (Fig. 8).

The browning in
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all cases included about 30% of the stem circumference at the inoculation point.
DISCUSSION. —Phosphatidase is produced by a number of plant path¬
ogens (29, 31), but its role in pathogenesis remains uncertain.
Ceratocystis ulmi to the list of PTD-producing pathogens.

We can now add

Because the produc¬

tion of this enzyme in vitro, under the conditions of this study, was so erratic,
the quantities obtained were not sufficient for a thorough investigation of its
method of attack or for application to elm seedlings in purified form.

However,

since this PTD breaks acyl ester bonds (as shown by the ferric-chloridehydroxylamine test), releases an acid-soluble phosphorus (as shown by the
procedure of Lumsden and Bateman (19)), and appears to release this in the
form of glycerolphosphorylcholine (as shown by preliminary experiments in
this laboratory following the method of Barron (1)), it seems to be the B-type
enzyme.

Phosphatidase B attacks the lecithin molecule at both at and

p fatty

acid ester bonds to yield glycerolphosphorylcholine plus two fatty acids as
breakdown products.
The PTD recovered from healthy and diseased elm branches was
very minute in quantity, and no conclusions as to its significance can be drawn
at this time.
Several experiments revealed no significant trans-eliminase activity
and no pectin methylesterase activity from partially purified C. ulmi culture
filtrate, nor did 10"4 M Ca+2, a cofactor in trans-eliminase activity, have any
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effect upon the decrease in viscosity or upon the release of reducing groups.

The

pectic enzyme produced by C. ulmi must therefore be the hydrolytic polygal¬
acturonase.

The rapid reductionin viscosity with relatively slow increase in re¬

ducing sugars indicates that this enzyme attacks the pectin molecule in a random
fashion, breaking it into shorter polymeric units.

This is in agreement with

Beckman (3), Husain and Dimond (16), and Biehn and Dimond (5).
Husain and Dimond reported that polygalacturonase produced by C. ulmi
was most active at pH 6. 0 and caused only a slow rate of viscosity loss using
either pectin or sodium polypectate as substrates (16).

Our findings indicate

optimum activity at pH 5. 0 and a rapid loss of viscosity using either pectin or
sodium polypectate.

These differences could be due to variation among C. ulmi

isolates, or technical differences in procedures.

It will be noted that at 10, 20,

and 30 min reaction time viscosity loss was greatest at pH 6. 0, but after 1 hr
the greatest viscosity loss and increase in reducing groups usually occurred at
pH 5. 0.
Previous efforts to extract PG from diseased elm wood, using either
repeated clipping plus reduced air pressure (12) or a grinding technique (7),
were unsuccessful.

In the present study the method of compressing the wood

and collecting the expressed fluid in an environment designed to reduce phenol
oxidation, enabled consistent recovery of PG.

It is possible that the enzyme is

not produced in sufficient quantities in vivo to be found by forcing the fluid out

I
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of open vessels as is done in the air pressure techniques.

The pathogen may

produce this enzyme primarily during its cell-to-cell growth, where PG would
aid in cell-wall penetration.

Direct penetration by C. ulmi has been reported by

MacDonald and McNabb (20), and Wilson reported that the greatest amount of
hyphal growth occurs at the onset of wilt and occurs within the parenchyma cells
(32).

If, indeed, PG is produced during these activities, it would be very difficult

to obtain it without access to the contents of these non-vessel cells.
The presence of PG in healthy tissue may be explained by the possibility
of cell-wall-bound enzymes which are released into solution as a result of the
great forces exerted using the hydraulic pressure.

Of course this would account

for a certain amount of the PG found in diseased extracts also.
By means of injection technique developed during the present study,
precise quantities of solution could be introduced into intact elm seedlings, so
that quantitative as well as qualitative data could be obtained.

The implications

of data collected in experiments with intact plants are much further reaching
than of data obtained from excised plants, plant parts, or even individual cells.
Our results indicate that PG elicited more extensive vascular browning when
compared with the H20 controls, and that the introduction of Mg+2 seemed to
accentuate the discoloration.

Mussell (23) reported a great enhancement of

endo PG-induced symptoms of Verticillium albo-atrum on cotton when 3 mM
Mg+2 was added to the enzyme treatment.

Vascular browning may not be a
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direct result of PG activity but rather the result of some other factor released
from the PG-disrupted cell wall.

Gagnon (9) reported a strong peroxidase acti¬

vity in the cambium, xylem, and ray and axial parenchyma cells of healthy and
diseased elms.

He found more peroxidase activity in the protoplasm and less in

the cell walls of diseased than of healthy tissue.

Peroxidase is a strong oxidative

enzyme of phenolic compounds, resulting in the formation of quinones and browncolored polymers.

Polygalacturonase activity may cause the release of peroxi¬

dase from the cell walls, which could account for at least a portion of the vascular
browning noted in this disease.

The presence of Mg+2 may further stimulate this

sequence by its aid as a cofactor in one of the enzymatic processes.
Polygalacturonase caused no wilt symptoms in the elm seedlings during
5 days of observation.

Indeed, in studies of resistance to this disease (14) or of

elms inoculated with old cultures of C. ulmi (15), it has been noted that vascular
browning occurs in infected elms even when wilting does not.

However, this

does not prove that PG does not play a role in the wilting process in Dutch elm
disease.

It is probable that there are many factors involved in the wilting pro¬

cess; without all factors combined in the correct proportions, the phenomenon
may not be realized.
The amount of PG produced in vivo, together with the fact that the
fungus does grow7 intercullularly outside of the vessels, suggests that this
enzyme is involved in the process of colonization of the host, providing
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Table 2.

Pectic enzyme activity in fluid extracted from healthy and

Dutch-elm-diseased American elm branches, measured by the reduction of vis¬
cosity of a 1.2% sodium polypectate substrate at pH 5. 0 after 1 hr incubation.
Differences between diseased and healthy samples are statistically significant
at the 1% level.

HEALTHY EXTRACTS

DISEASED EXTRACTS
PVL

activity

Extract
number

PVLa

activity*5

1
2
3
4
5
6
7
8
9
10

1.7
1.2
0.4
1.9
1.9
1.8
0.4
0.8
1.2
1.2

28
0
0
39
41
50
0
0
0
0

8.0
8.3
7.8
6.5
3.2
2.0
6.1
7.2
3.1
7.0

292
156
217
91
40
12
60
72
100
88

1.2

——

1.3

—

——•

16

Control
Average

aPVL = percent viscosity loss
^activity - (extract PVL minus control PVL)/mg protein

113
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Fig. 1.

Cut-away diagram of compression apparatus designed for fluid ex¬

traction from elm wood tissue.
Fig. 2.
woody tissue.

Machined by Owen Hodder, Argyle, New York.

Complete compression apparatus used in fluid extraction from elm
A z restraining frame, B = compression chamber, C = hand-

operated hydraulic jack. D = collection vessel.
Fig. 3.

Method for introducing known volumes of solutions into intact elm

seedlings, by use of a hypodermic needle inserted through a rubber seal and in¬
to a slit made in the seedling stem.
Fig. 4.

Effect of pH phosphatidase activity from Ceratocystis ulmi culture

filtrate.
Fig. 5.

Influence of 10“^ M Ca+- and the effect of pH on C. ulmi poly¬

galacturonase (PG'I activity (mg glucose equivalents mg protein/hr).
Fig. 6.

Elution profiles of protein and PG activity during the clarification

of elm wood extracts, as determined by relative absorbance at 2SO nm (protein)
and 500 nm (reducing sugars released from sodium polypectate substrate).
Fig. 7.

Elution profiles of protein and PG activity isolated from C. ulmi

culture filtrate, as determined by relative absorbance at 2S0 nm (protein) and
500 nm (reducing sugars released from sodium polypectate substrate).
Fig. S.

Effect of partially purified PG and 5 mM Mg~- on vascular brown¬

ing of elm seedlings.

Each bar represents the average of 5 replicates.
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SUPPLEMENT

Introduction. —The enterprize of research includes trials, failures, suc¬
cesses, and puzzles.

It is unfortunate but practical that only the successes are

published in journal articles.

This practice leaves unavailable valuable informa¬

tion which the researcher has accumulated and which would significantly reduce
time and frustration for those who wish to continue research in related areas.
It is the purpose of this supplementary text to include details concerning per¬
tinent techniques and results which cannot be classified as "successes" and there¬
fore are not available in the attached journal article.

To fully understand the

relevance of these pages, the reader should first read the attached article (Woods
etal., 1973).
Culture techniques. —Even in the very first minute step in research,
one may encounter seemingly insurmountable obstacles.

After successful iso¬

lation of Ceratocystis ulmi, the pathogen causing Dutch elm disease, in what appear¬
ed to be pure culture, it was transferred from Petri dishes to potato dextrose agar
(PDA) slants, by sterile techniques.

These cultures were maintained at 23° C in

the dark, in cotton-stoppered culture tubes.

After 13 days the cultures were ex¬

amined and milky opaque colonies were seen which appeared to be bacteria.
samples of these were examined under high power, swarms of tiny oblong

When

/
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bodies were seen.

To an inexperienced eye these looked like bacteria, but upon

consulting the literature it was found that these "colonies" were actually masses
of spores, formed by the asexual budding of C. ulmi spores when in a moist or
liquid medium.

These masses appeared consistently on fresh, moist PDA slants,

but when older, drier slants were used, the predominant form of fungal growth
was hyphal, revealing the characteristic conidiophores with apical conidial clusters.
It was important to know how successful we were in maintaining pure
cultures, as transfers were made from slants to liquid media.

Contaminant spot

checks were made frequently throughout the course of this investigation.

These

checks were made on both the sterilized media and the liquid cultures, by placing
a few loopfuls of media on PDA slants and observing any microbial growth.

All

checks of both the sterilized and cultured yeast extract-glucose-mineral salts
medium (Woods et al., 1973) revealed no contamination at any time.
Media consisting of pectic substances and mineral salts yielded fungal
contaminants in one case.
which allowed only

10

This was probably due to the autoclaving technique,

psi for

2

min, as a precaution against the breakdown of

pectic substances (Spalding, 1963).

However, after practice these precise con¬

ditions for autoclaving were attained and no further contamination was found.
The pectin-salts medium contained per liter 1. 0 g NH4MO3, 2. 5 g
MgSCXj.* 7H20, 2. 5 g KH2P04,

. 0 g citrus pectin, 5. 0 g sodium polypectate.

5

After the pH was adjusted to 5. 0, 100-ml portions were poured into 250-ml
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Erlenmeyer flasks and autoclaved as prescribed, using a pressure cooker ap¬
paratus.

To obtain the best results, the water in the jacket was allowed to boil

before the flasks were placed within and the cover sealed.

The pressure was

then brought to 10 psi as rapidly as possible and maintained there for precisely
2 min.

The autoclave was then placed in a tub of cold water to bring the tem¬

perature down rapidly (1-2 min).

As soon as the cover could be removed, the

hot flasks were carefully placed on a bench in front of an open window to cool
off quickly.

Because the liquid within the flasks does not cool off as rapidly as

the air within the autoclave, the superheated media sometimes would boil up
when disturbed.

When done carefully, this procedure produced sterilized media

and minimal pectin breakdown.
Various culture media were used to investigate the inductive char¬
acteristics of polygalacturonase (PG) and phosphatidase (PTD) produced by C.
ulmi. The inducibility of PG was investigated by growing the pathogen on the
pectin salts medium described above and also in the same medium with 0. 05 M
glucose added.

Biehn & Dimond (1971b) reported a drastic reduction in PG

production by C. ulmi when a similar procedure was tried.

After the spores

were centrifuged out and portions of the culture filtrates were dialyzed to rid
them of low molecular weight reducing sugars, the filtrates were analyzed
for PG activity by measuring the increase in reducing sugars after incubation
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with 0. 6% sodium polypectate at pH 5. 0 (Woods et al., 1973).

We found almost

a total repression of PG production in the pectin-salts medium containing
glucose (Fig. 1).

However, for reasons undetermined, these results could

not be repeated.

It is believed that the procedures for preparing the media

and the conditions for growing the cultures were not perfected enough to obtain
consistent culture growth.
We tried to induce high PTD production by adding 0.1% lecithin to the
standard culture media (yeast extract-glucose-mineral salts).

Our results,

obtained by acyl-ester analysis (Snyder & Stephens, 1959), showed no consistent
differences between the medium containing lecithin and that without lecithin.
However, there are other possibilities which could be tried.

Since the high

temperature of autoclaving probably breaks down the lecithin molecule, other
means of sterilization should be tried.

Also, the presence of another sub¬

stance in the medium, for instance glucose or yeast extract, may be a limit¬
ing factor in PTD production.

Many trials must be made and many methods

explored before conclusions about the inducible nature of PTD from Ck ulmi
can be drawn.
Enzyme assays. —The assays used most frequently in this research
are discussed in the attached article.

There are, however, some other assays

which might be beneficial in continued research on this project and also some
"helpful hints" in the techniques, which are necessary in obtaining meaningful
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Figure 1.

Polygalacturonase activity produced by Ceratocystis ulmi
grown in pectin-mineral salts medium and in the same
medium plus 0. 05 M glucose.

Activity was determined

by measuring the glucose equivalents released after incu¬
bation of culture filtrates with sodium polypectate.
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results.
Tseng and Bateman (1969) showed that the diameter of the opaque zone
of hydrolysis due to PTD activity in a cup-plate assay (Woods et al., 1973) is
proportional to the log of the enzyme concentration.

Phosphatidase activity may

also be quantitatively stated in terms of the area of hydrolysis (opaque zone)
surrounding the well (Tseng & Bateman, 1968).

These quantitative methods

are useful in determining total PTD activity in the event that more than one
type of PTD is present; spectrophotometric methods will often identify only the
activity of a single specific PTD type (A, B, C, or D).

Each type attacks the

substrate in a unique manner, yielding products peculiar to its activity.

The

quantitative method may also be useful when purification of samples is not
possible or was just neglected.
However, one must be wary of certain conditions which will influence
this assay method.

High salt concentrations, such as ammonium sulfate used

in protein precipitation, or sodium chloride used in column
elution, will cause a temporary halo to form around the well.
fore desirable to

Dialysis is there¬

this assay, in that it eliminates salt effects.

The age of

the cup-plate medium will also influence the size of the halo and even the
existence of a halo.

As the medium dries out the enzyme seems less diffusible

and will result in a smaller halo.

In this research we found that storing the

plates in sealed plastic bags in a refrigerator extended significantly their

page 38

useful life.

The concentration of lecithin also influenced not only the size of the

halo but also its appearance.

As the concentration of lecithin decreased, the

halo diameter increased, but the "opaqueness" decreased,making precise mea¬
surements difficult.

Using the same enzyme source, we found at 0. 5% lecithin

a halo diameter of 1. 2 cm; at 0. 25% the diameter was 1. 35 cm; and at 0. 05%
the diameter was 1.4 cm.
The acyl-ester assay was troublesome throughout the course of this
research.

The results obtained with this assay were erratic and thus very little

could be concluded concerning these experiments.

The following paragraphs

concern several modifications in technique 'which were made in an effort to
obtain more consistent results.
The first problem was encountered in making up the reagent 8%
ethanolic sodium hydroxide (NaOH).

In order to dissolve the required 4 g

NaOH in 2. 5 ml H20, it is necessary to heat the water first.

However, one

finds that upon addition of the 100% alcohol to this solution, a precipitate forms.
The most successful method found for preparing this reagent is to make it in
large amounts (at least 500 ml total final volume).

When the precipitate forms

after adding the 100% alcohol to the supersaturated NaOH solution, one must
keep stirring the solution on a hot plate until the precipitate dissolves.

This

takes a long time and the temperature must be watched because of the low boil¬
ing point of the solution.

This reagent, and also the 4% ethanolic hydroxylamine,
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kept the best when stored in the refrigerator at 5° C.
After PTD activity has been terminated by the addition of bovine serum
albumin and trichloroacetic acid, the procedure outline by Snyder & Stephens
calls for centrifugation at 20, 000 g for 10 min.

We found incomplete pellet for¬

mation at this speed; thus we increased the speed to obtain a force of 28, 700 g
i

which pelleted the precipitate completely.
The next step in the procedure calls for the addition of 2 ml of alkaline
hydroxylamine to the pellet and shaking for 3 min at 65° C.

This was insufficient

to dissolve the whole pellet, and we found that it took quite a vigorous stirring on
the automatic test tube stirrer in order to dissolve the whole precipitate.

This

is a very important step, since it is at this point that the hydroxamic acid
derivative forms which then forms a complex with ferric perchlorate to give
the color used in spectrophotometry.
A very important fact to remember when using this assay is its extremely
sensitive nature.

All precautions must be taken to use the best quantitative pro¬

cedures.
As will be noted in the attached paper, thimerosal was added to the
lecithin substrate in order to avoid microbial growth.

The influence of this

chemical and of the cofactor CaCl2 on the acyl-ester assay was checked by run¬
ning a parallel series, one containing the additives and the other free from the
additives.

No enzyme was added and the acyl-ester content was measured at
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increased concentrations of lecithin.

10"4

We found absolutely no effect of either

M CaCl2 or 0. 02% thimerosal on this assay (Fig. 2).
Nelson’s assay for reducing sugars was very straightforward and no

significant problems were encountered.

It is worth noting, however, that the

addition of reagent "C" does not stop PG activity.

The samples must therefore

be placed in boiling water immediately after adding this reagent in order to stop
enzyme activity at the stated time.
Fluid extraction from elm branches. —It is important to realize that
our goal in obtaining "sap" or ’’fluid” from the elm branch samples was to collect
as much of the disease-related stem components as possible.

Standard methods

which rely on the sap available in non-clogged vessels seemed very limited in
this respect and were thus avoided.

We wanted to obtain fluid from not only the

open vessels, but also the plugged vessels and surrounding parenchyma cells
which are known to contain the pathogen (Wilson, 1965; Banfield, 1968,
MacDonald, 1970).
Our first approach was to grind the tissues, using a buffer and cold
conditions.

We tried both a standard size and a heavy-duty meat grinder first,

but soon discovered that the woody tissue was too tough and that this method only
resulted in a partial breakup of the samples.

We were also very concerned

over the contact of bare metal with the fluid to be analyzed.
We next turned to an automatic, heavy duty, mortar and pestle de\ice.
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Figure 2.

The effect of 0. 02% thimerosal and 10“4 M CaCl2 on the
measure of acyl ester bonds in varying amounts of lecithin,
using the method of Snyder and Stephens (1959).
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Again we found that the woody tissue was too tough for this apparatus to handle.
Our efforts then turned to compression.

It was believed that under

high compression the available fluid would be forced out, much like the process
of squeezing a sponge.

Cells would be disrupted quite thoroughly and thus there

would be an access to the plugged vessels and parenchyma cells.
The design of the apparatus for this job was finally decided after many
trials and errors.

A strong chamber was designed to withstand the forces of

many tons of pressure, to be large enough to hold several grams of tissue (100200 g), and to be unreactive with the fresh fluid.

A hollow cylinder and solid

plunger were each machined out of stainless steel.
by a jacket of heavy iron to prevent expansion.

The cylinder was surrounded

An efficient means of collecting

the fluid was obtained by a stainless steel bottom drain plug which had radial
slots drilled out and a narrow canal beneath these, which then drained the fluid
to the outside.

This whole apparatus was placed in a specially designed structure

which allowed pressure to be applied to the samples by means of a hand-operated
hydraulic jack.

The compression apparatus is pictured in the attached paper

and illustrated in greater detail in Fig. 3.
Fluid was extracted most thoroughly when pressure was applied slowly,
requiring from 1/2 to 1 hr for each sample.

It is believed that consistency could

be greatly improved by operating the press using a machine designed to apply
pressure in a constant progression.

It was very difficult to achieve this manually.
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Figure 3.

Cut-away diagram of compression apparatus designed for
fluid extraction from elm wood tissue.
Hodder, Argyle, New York.

Machined by Owen
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During our preliminary trials with the compression apparatus, we observed
a rapid browning of the freshly extracted fluid, which was attributed to the
oxidation of phenols.

Since these oxidized products can often interfere with

enzymatic processes, it was necessary to avoid their formation.

Polyvinyl¬

pyrrolidone, which adsorbs oxidized phenols, diethyldithiocarbamate, a copper
chelator, and cysteine hydrochloride, a reducing agent, were each tried and
found unsatisfactory.
Metabisulphite has been shown to be highly effective in preventing
phenolic interference in enzyme extractions from various plant tissues
(Anderson, 1968).

This compound prevents diphenoloxidase activity, as well

as reducing oxidized phenols, and the concentration required to prevent the
accumulation of oxidized phenols is independent of the diphenoloxidase activity
and the concentration of phenolics.

Metabisulphite was very effective in pre¬

venting phenol oxidation in the elm extracts.

Because its effectiveness was

independent of its concentration, the varying final concentration

which were

unavoidable in this procedure, were no cause for concern.
Elm seedlings. —Elm seeds produced in 1971 were treated with
Spergon (tetrachloro-para-benzoquinone) and planted in a 1:1:1 soil:sand:peat
mixture in large flats.

Three to four weeks after planting, seedlings bearing

at least 1 set of primary leaves were transplanted into 8-in. pots, 5 seedlings
per pot.

These plants were grown in the greenhouse for 8 months, during

I
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which time Rapid Grow (Agway) fertilizer was applied occasionally to promote
healthy growth.

Methoxychlor was sprayed on the plants 2 to 3 times weekly to

control the white fly population.
After 8 months single seedlings were transplanted to separate pots.
The seedlings were selected for uniformity in size and condition.
Several methods for introducing solutions into the seedlings were
tried.

Initially, we attempted to excise the seedlings with a razor blade and

insert their bases into specially prepared sterilized culture tubes containing
sterilized H20.

Before excising the seedlings, we carefully wrapped each base

with cheesecloth soaked in 10% Chlorox to reduce the possibility of contamination
of the solutions with bacteria or fungi.

The plants were then excised under

sterilized-distilled water and immediately placed in the culture tubes.

The

sterile conditions in the tubes were maintained by use of cotton plugs, each
with a small glass tube in the center, through which the stem was inserted
(Fig. 4).
This procedure was very successful in keeping contamination out of
solutions and thus out of the excised seedlings.
not consistently remain turgid.

However, the seedlings did

All plants appeared slightly flaccid 12 hr

after excision, but this condition reversed and within the next 12 hr
all seedlings had regained turgor.

usually

Beginning 2 or 3 days after excision some

plants would begin to dry out, and after a week many had completely dried out.
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Figure 4.

Illustration of technique used in maintaining sterile conditions
during studies of solution introduction into excised elm seed¬
lings.
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Usually, however, some plants were still turgid and taking up water after 12
days.

This procedure seemed quite promising and, with further practice, it

might have been perfected to a greater degree of success in maintaining water
uptake.

But, because the uptake and turgidity were inconsistent and also because

we were using excised as opposed to intact plants, we decided to try another
approach.
Next we tried applying acid fuschin, a red dye, through a glass wool
wick running from a reservoir to a slit made in the intact seedling stem.

The

dye appeared in the leaves after a few hours but, because it was an open system,
the dye also ran down the side of the stem.

There was no control over the amount

of solution entering, and the wound plugged up rapidly because of its exposure to
the air.

This method was abandoned.
Our final and successful attempt involved the use of hypodermic needles

attached to reservoirs and inserted into razor slits made in the seedling stems
(Woods et al-,1973).

Gagnon (1967) reported using hypodermic needles inserted

directly into the elm seedling stems for solution application.

We found that

without a slit, very little and sometimes no solution was taken up.
In a separate experiment an attempt was made to induce Dutch elm
disease symptoms in 7-month-old elm seedlings by inoculating them with spore
suspensions of C. ulmi.

Not one of the seedlings showed any disease symptoms
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after 2 months of observation, although when the bark was peeled back brown
streaking could be observed.
These results are probably directly related to the age of the seedling.
It is well-known that elm trees inoculated in late summer usually fail to show
any symptoms.

This is thought to be due to the size of the summer wood vessels,

which are small and may inhibit the passage of spores.

Since our seedlings were
*

well advanced into the artificial summer, produced by the continuous greenhouse
conditions, this same resistance mechanism probably precluded any disease
development.
Elm saplings. —In November, 1971, several elm saplings were trans¬
planted into buckets and placed in cold storage.

In early January these saplings

were brought into the greenhouse to force bud breaking.
leaves began to emerge.

After 3 weeks the

About 1 month after leaf emergence the saplings were

each inoculated either with the normally virulent C. ulmi culture used through¬
out this research, or with an isolate received from Ir. V. Tchernoff’s collection
which had been kept under sterile mineral oil for at least 8 years in the Ph^to
pathologisch Laboratorium ,rWillie Commelin Scholten", Baarn, The Netherlands,
and had been found to be avirulent (Holmes, 1973).
No symptoms were observed on the samplings inoculated with the
"virulent" isolate throughout 3 months of observation.

Only very slight vascular

i
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browning was observed in these saplings when the bark was peeled.
The saplings inoculated with the "avirulent" isolate showed extensive
streaking and peculiar leaf symptoms beginning about 4 weeks after inoculation.
The leaves retained their turgidity but showed signs of epinasty by curling under
along the edges; the leaf margins and areas along major veins began drying out
and turning brown (Fig. 5).

These symptoms steadily but slowly grew in severity

until the trees were discarded three months later.

At this time no death or

twig die-back had occurred.
The reasons for no symptom development using the relatively fresh
isolate of normal virulence can only be speculated upon.

Perhaps, the artificial

conditions of dormancy and/or bud breaking influenced the susceptibility of the
tree; or perhaps the inoculum had become avirulent throughout the many trans¬
fers over the preceding 1 1/2 yr.

We did not pursue this investigation.

Explaining the symptoms developed after inoculation with the much
older, "avirulent" isolate is even more difficult.

However, this isolate had only

been tested for virulence on the Belgian elm (Ulmus hollandica cl. 'Belgica') and
not on the American elm.

In plant pathology research, it is fairly axiomatic

that virulence of fungal cultures decreases as their storage time increases.
Enzyme analyses of culture filtrates. —Preliminary investigations were
performed to determine whether protease and/or cellulase were present in the
culture filtrate of C. ulmi.

A medium containing 0. 5% gelatin (Knox) and 2%
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Figure 5.

Foliar symptoms on American elm inoculated with
V. Tchernoff's culture of Ceratocystis ulmi #TX-36.
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agar was prepared in cup-plate form, buffered at pH 4. 0 and pH 8. 0.

Dialyzed

protein fractions obtained from 0-40%, 40-60%, 60-80%, and 80-95% ammonium
sulfate fractionation of the culture filtrate, were each applied to separate wells
in plates of acidic and basic gelatin media.

The plates were placed in an incu¬

bator for 24 hr at 30°C.
Significant protease activity, determined by a clear zone surrounding
the wells, was found in the 80-95% fraction at pH 4. 0.
showed moderate activity at pH 8. 0.

This same fraction also

Protease activity was not observed in the

0-40% or 40-60% fraction at either pH.

A slight activity was observed in the

60-80% fraction at pH 4. 0, and even less at pH 8. 0.
This is the first time protease has been found in C. ulmi culture fil¬
trates.

It was found in significant amounts, as indicated by the size of the clear¬

ing zone and it, like PG and PTD, was most active below pH 7.

Protease and

PTD may act together in disrupting membrane function, as has been suggested
by other researchers (Mount et al., 1970).

The emphasis of this research did

not allow further pursuit of the properties and significance of the protease pro¬
duced by C. ulmi; however, it may be fruitful to investigate further.
The presence of cellulase activity from the 50-95% ammonium sulfate
fraction of C. ulmi culture filtrate was determined by measuring, using Nelson's
assay (1944), the release of reducing groups from 0.2% carboxymethyl cellulose
(CMC) buffered at pH 4. 0 and 8. 0.

The reaction mixtures contained 0.1 ml of
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substrate plus 0.1 ml of culture filtrate fraction.
culture filtrate fraction.

Controls contained autoclaved

After 12 hr incubation at 30°C, moderate activity was

observed at pH 4. 0 (24 pg glucose equivalents released) and very slight activity
at pH 8. 0 (6 pg glucose equivalents released).
Beckman (1956) reported what he called a significant amount of ceiiulase
activity in the culture filtrate of this pathogen.
ity loss of a 0. 5% methyl cellulose solution.

After 4 hr he found a 50% viscos¬

From a filtrate of C. ulmi that had

been grown on media containing CMC or autoclaved elm twigs, Husain & Dimond
(1958) reported that after 25 min there occurred a 90% loss of viscosity in a 0. 5%
CMC solution buffered at pH 5. 5.. .but only a small release of reducing groups.
These investigations clearly show the presence of ceiiulase in C. ulmi
culture filtrate.

Further research involving diseased and healthy elm tissue

might reveal the significance of this enzyme in the Dutch elm disease.
The significance of PTD and PG in pathogenicity was investigated by
comparing their relative quantities found in culture filtrates of WC-2, the virulent
isolate used throughout this investigation, and TX-36, the avirulent isolate ob¬
tained from The Netherlands.
The two isolates were both cultured in the standard glucose-yeast
extract-mineral salts medium, prepared as previously outlined (Woods et al.,
1973).

All flasks were placed on a rotary shaker and maintained in darkness at

the temperature of the ambient air.

One flask from each culture type was taken
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at each of several intervals for enzyme analyses.

The cultures were centrifuged,

and 8-ml portions of the filtrates were dialyzed overnight against several vol¬
umes of cold distilled water.

Protein concentration was determined by the method

of Lowry et al. (1951), PG activity was determined by measuring the increase in
reducing groups, and PTD activity was determined by the acyl-ester assay.
These procedures were performed at zero time, 3, 6, and 9 days following inocu¬
lation of the flasks.

The experiment was repeated four times.

No conclusive data were obtained from these experiments, except that
PG and PTD were produced by both isolates.
ment were technical.

The main problems in this experi¬

The temperature at which the cultures were growing fluc¬

tuated extensively, resulting in poor correlation from one replicate to another.
Analyses in the first 2 experiments were done on ammonium sulfate-saturated
culture filtrate, which had been pelleted and dialyzed.

This was discontinued

because it might have made the cultures less comparable.

Finally, as men¬

tioned previously, the results of the acyl-ester assays were not reliable.
In view of the results of inoculating elm saplings with these same two
isolates, which was done after the enzyme comparisons, the merit of compar¬
ing them for enzyme production is in question.

However, comparisons between

truly virulent and avirulent isolates should be made regarding PG and PTD, to
further elucidate their significance in pathogenesis.

I
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Purification of enzymes. —Several attempts were made at separating
and purifying PG and PTD, using different column resins.
Cellulose-phosphate (cation form) was prepared in 0. 05 M acetate buffer
at pH 5. 0, and packed into a 1. 5 X 15 cm column.
fied culture filtrate (Woods et al., 1973)
and allowed to seep in.

Three ml of partially puri¬

were carefully applied to the column

The sample was then eluted with 60 ml 0. 05 M buffer,

and 30 ml each of 0.1 M, 0. 2 M, 0.4 M, and 0. 6 M NaCl, respectively.
mi fractions were collected.

Five-

A 0. 2-ml portion of each fraction was analyzed by

the cup-plate method for PG and PTD activity (Woods et al., 1973).
zymes were eluted in the void volume (fractions 4 through 6).

Both en¬

The discolored

products in the original enzyme solution also were eluted in these fractions.
Obviously, this technique neither separated nor purified PG and PTD.
Diethylaminoethyl cellulose (DEAE Cellulose) was prepared by wash¬
ing alternately with 4 volumes of 0. 5 M NaOH and 0. 5 M HC1.
finally suspended in 0. 01 M acetate buffer at pH 5. 0.
and the culture filtrate applied as described above.

The resin wTas

The column was packed
The sample was eluted

with 60 ml 0. 01 M buffer, and 30 ml each of 0. 05 M, 0.10 M and 0. 60 M NaCl.
Both enzymes were again eluted in the void volume.
Because neither cation nor anion exchange seemed promising, we next
tried.using Sephadex to separate and purify the enzymes by means of molecular
weight differences. Sephadex G-75 was allowed to swell in distilled water overnight.
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The column was poured and the culture filtrate applied to the surface.

The

sample was eluted with 0. 05 M acetate buffer and five-ml fractions were col¬
lected at 1 drop/4 sec, with an automatic fraction collector.

Slight separation

was obtained as evidenced by PG activity in fractions 15, 16, and 17, and PTD
activity in fraction 16, 17, and 18.

However, this was not satisfactory.

Sephadex G-100, fine grade, was next tried using the same procedure
(outlined above).

Again incomplete separation occurred,with PTD activity in

fractions 22 through 24, and PG activity in fractions 22 through 29.
We abandoned the idea of separating and purifying both enzymes by
means of column resins.
ing DEAE Cellulose.
et al., 1973).

We did succeed in purifying PG 16-fold, however, us¬

This procedure is outlined in the attached article (Woods

Phosphatidase activity was not detected in this purified PG.

At

the time of the successful purification procedures, very little PTD was found in
the culture filtrates.

This fact, together with all the other problems encountered

in working with this enzyme, halted further attempts to purify PTD.
It is pertinent here to call attention to a method of concentrating high
molecular weight solutes, such as enzymes, without the use of ammonium sul¬
fate.

This method involves the use of Sephadex resin and is reported by PerFlodin,

et al. (1960).

One gram Sephadex G-25 is added for every 5.16 ml of solution.

This suspension is then stirred for 10 min and centrifuged to pellet the beads.
The small molecular weight solutes should be trapped within the beads, lea\ing

a higher concentration of large molecular weight solutes.
We tried this procedure using Sephadex G-25 fine grade, and obtained
a slight concentration of PG activity.

However, the fine grade probably was

not appropriate, in that it requires longer than 10 min to imbibe water.

The

coarser grade perhaps would yield better results.
It seems that this technique would be very useful as a rapid means of
concentration.

The tedious procedures of ammonium sulfate saturation and

subsequent dialysis could be avoided.
Storage of enzymes. —The activity of many enzymes often decreases
rapidly when they are stored, unconcentrated, in solution and especially when
they are not stored at a low temperature.

Lyophilization and storage below 0°C

often lends a longer life to enzymes, but sometimes the process of freeze-dryin
itself destroys a good deal of activity.
In view of these circumstances, we briefly investigated storing our
enzymes in an ammonium sulfate-saturated solution at -15°C.

The high salt

concentration would lend stability to the protein molecules, and the low temper¬
ature decreases even further the loss of activity.

This procedure also elimin¬

ates dialysis after the addition of ammonium sulfate to separate proteins, and
the consequent freeze-drying processes, each of which can contribute to loss
of enzyme activity.
We did not extensively pursue this idea, but we did at least show that

after four days of storage at -15°C in this saturated condition, PG retained all
of its original activity.
General Discussion. --The development of acceptable techniques is
often overlooked but is always an integral part of research.

Working with woody

plants presents immediately two very difficult technical problems, that of obtaining physiological information from behind the tough cellulose barrier, and
that of the time limits placed on the researcher due to the seasonal growth and
long life of many woody plants.

The temptation of resorting to the use of her¬

baceous tissue as a "model system" is all-too-often yielded to.

Whereas these

"model systems" will advance the cause to some degree, the most definitive in¬
formation can only be obtained from the natural host-pathogen studies.
The development of the compression method of obtaining fluid from in¬
fected and healthy elms was an attempt to penetrate the woody barrier in order
to obtain valid information from the natural host-pathogen relationship.

The

technique of introducing known amounts of solution into intact elm seedlings
also provided a means of studying the natural host under controlled conditions.
Discussion of the possible roles of phosphatidase and polygalacturonase
is presented at the end of the attached article (Woods et al., 1973).

Further

information regarding protease, cellulase, and other enzymes produced by C.
ulmi, as well as PTD and PG, should lead to a more thorough understanding of
pathogenesis in the Dutch elm disease.
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